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We analyze the correlations between electric dipole moments (EDMs) of the neutron and heavy 
atoms and CP violation in _B Sj£ j mixing in two Higgs doublet models respecting the Minimal Flavour 
Violation hypothesis, with flavour-blind CP-violating (CPV) phases. In particular, we consider the 
case of flavour-blind CPV phases from i) the Yukawa interactions and ii) the Higgs potential. We 
show that in both cases the upper bounds on the above EDMs do not forbid sizable non-standard 
CPV effects in B 3 mixing. However, if a large CPV phase in B s mixing will be confirmed, this 
will imply EDMs very close to their present experimental bounds, within the reach of the next 
generation of experiments, as well as BR(_B s .d — > fj, + /j,~) typically largely enhanced over its SM 
expectation. The two flavour-blind CPV mechanisms can be distinguished through the correlation 
between S^k s an d S^$ that is strikingly different if only one of them is relevant. Which of these 
two CPV mechanisms dominates depends on the precise values of S^,^ and S^,k s , as well as on the 
CKM phase (as determined by tree- level processes). Current data seems to show a mild preference 
for a hybrid scenario where both these mechanisms are at work. 



1. INTRODUCTION 

In the last few years, the two B factories have estab- 
lished that flavor-changing and CPV processes of Bd 
mesons are well described by the Standard Model (SM) 
up to an accuracy of (10 — 20)%. This observation, 
together with the good agreement between data and 
SM expectations in the kaon system, implies tight con- 
straints on flavor-changing phenomena beyond the SM 
and a potential problem for a natural solution of the 
hierarchy problem, that calls for new physics (NP) not 
far from the elcctroweak scale [l| . 

An elegant way to solve this problem is provided by 
the Minimal Flavor Violation (MFV) hypothesis |2J (see 
also |3|, [j|), where flavor-changing transitions in the 
quark sector are entirely controlled by the two quark 
Yukawa couplings. Despite apparently being quite re- 
strictive, the MFV hypothesis does not forbid sizable 
deviations from the SM in specific channels. This is 
particularly true in models with two or more Higgs dou- 
blets, because of the possibility to change the relative 
normalization of the two Yukawa couplings [2j, |5H9| . 

A particularly interesting set-up is obtained introduc- 
ing flavour-blind CPV phases compatible with the MFV 
symmetry principle 10h14|. 



neously the observed anomaly in the relation between 
tK and S^k s IE 



On general grounds, it is natural to expect that 
flavour-blind CP phases contribute also to CPV flavour- 
conserving processes, such as the EDMs. Indeed, the 
choice adopted in [2j to assume the Yukawa couplings as 
the unique breaking terms of both the flavour symmetry 
and the CP symmetry, was motivated by possibly too 
large effects in EDMs with generic flavour-blind CPV 
phases. This potential problem has indeed been con- 



firmed by the recent model-independent analysis in [21 



In this Letter we address the role of EDMs, and 
their correlation with CPV effects in B s mixing, in the 
2HDM- 



MFV 



As recently shown in [151 ] , the general formulation of 
the MFV hypothesis with flavour-blind CPV phases ap- 
plied to two Higgs doublet models (2HDMs) is very ef- 
fective in suppressing flavour-changing neutral-currents 
(FCNCs) to a level consistent with experiments, leav- 
ing open the possibility of sizable non-standard effects 
also in CPV observables. In what follows, we will call 

this framework 2HDM MFV with the "bar" indicating f NP allowed inS^ Ks [Io|, [H 
flavour-blind CPV phases. 



Following the recent analysis in |15j , we fo- 
cus on the contributions to these observables generated 
by the integration of the Higgs fields only, assuming 
a high suppression scale for effective operators not in- 
duced by the Higgs exchange. 

We analyse in particular two sources of CPV phases: 
flavour-blind phases in i) the Yukawa interactions and 
in ii) the Higgs potential. Flavour-blind phases in the 
Yukawa interactions, together with the assumption of 
small SU(2)l breaking in the heavy Higgs sector, can 
lead to large corrections to S^. In this case the new 
CPV effects in Bd mixing are suppressed by a factor of 
r ndlm s , compared to B s mixing, and go in the right 
direction to ameliorate the prediction of S^k s UM- 
Flavour-blind phases of the type ii) can also affect S^^, 
provided the SU(2)l breaking in the heavy Higgs sector 
is not negligible. However, in this case the correction 
in B s and Bd mixing is universal and the magnitude 



of the effect in S^a, is bounded b 



i>4> 



As discussed in [15|, the 2HDM 
date a large CPV phase in B 
CDF and DO data 



pnasc 



MFV 

mixing, 



can accommo- 
as hinted by 



18 1, while ameliorating simulta- 



the limited amount 
) . Which of the two 
flavour-blind CPV mechanisms dominates depends on 
the value of S^, which is still affected by a sizable ex- 
perimental error, and also by the precise amount of NP 
allowed in S^,k s ■ 



We show that in both cases the upper bounds on the 
neutron and heavy atom EDMs do not forbid sizable 
non-standard CPV effects in B s mixing. Interestingly 
enough, in both cases sizable CPV effects in B s mix- 
ing imply lower bounds for these EDMs within the fu- 
ture experimental resolutions. Moreover, in both cases 
BR(B S —> ^ + /0 and BR(B d — >• n + fJ.~) are typically 
largely enhanced over their SM expectations. 

Our paper is organized as follows. In Section 2 we 
recall briefly the most important ingredients of the 
concentrating in particular on the two new 



MFV 



2HDM 

sources of CPV in question. In Sections 3,4, we exploit 
the sensitivity of the EDMs and B sd — B s .d mixing, re- 
spectively, to these new CPV phases. The numerical 
analysis of various correlations that have been adver- 
tised in the abstract is performed in Section 5. Here 
we demonstrate that the current data seems to show a 
mild preference for a hybrid scenario where both new 
mechanisms of CPV arc at work. 



2. THE 2HDM, 



In the following, we consider a 2HDM supplemented 
by the MFV hypothesis, where the Yukawa matrices 
are the only sources of breaking of the SU(3) q flavour 
group, but they are not the only allowed sources of CP 
violation [13, E3, EB - 

The most general renormalizablc and gauge- invariant 
Yukawa interactions in a 2HDM arc 



/•gen 



QhX d \D R H\ + QlX u iUrHi 
Q L X d2 D R Hc + Q L X u2 U R H 2 + h.c. ,(1) 



After diagonalising quark mass terms and rotating 
the Higgs fields such that only one doublet has a non- 
vanishing vev, the interaction of down-type quarks with 
the neutral Higgs fields assumes the form 



a 



V2 



d L M d d R (, 



1 

Sfi 



d L Z d X d d R 0° H +h.c, (3) 



where <f> v ((f) h) is the Higgs doublet with non- vanishing 
(vanishing) vev (<#>) = v/V2 {(<j)° H ) = 0) and (jP H = 
(H + iA)/V2 with H (A) being the CP-cvcn (CP-odd) 
heavy Higges, if the Higgs potential is CP-invariant. 
The flavour structure of the Z d couplings, which play a 
key role in our analysis, is 

Z% = a5. l3 + [a^\lV + ai V^X 2 u VA + a 2 AV^X 2 u V].. , 

(4) 
where V is the physical CKM matrix, A = diag(0, 0, 1) 
and X Ut d are the diagonal up Yukawa couplings in the 

limit q — > (se e [2J, [l5[ for notations). As explic- 
itly given in [2J, ll5[ , the a* arc flavour-blind coefficients 
depending on the e^, on tp, and on the overall normal- 
ization of the Yukawa couplings. Even if q <C 1, the a, 
can reach values of 0(1) at large tp and can be complex 
if we allow flavour-blind phases in the model. 

Similarly, the charged-current interactions of the 
fermions with the charged Higgs are parameterized by 
the following flavour changing effective Lagrangian |2| 



£h+ = — UlC r X d D R + - 2 -U r X u C l D l 
cp L t p 



where the flavour structure of the C R L is 



H++h.c. , 
(5) 



where the Higgs fields H\ 2 have hypcrcharges Y 



±1/2, -ffw 2 ) = — * r 2^i(2') an d the Xi are 3x3 ma- 
trices with a generic flavour structure. We also assume 
real vevs for the two fields, (Hh^H^)) = v u 2 )/2, with 
v 2 = v 2 + v 2 ps (246 GeV) 2 and, for later purpose, we 
define cp = vi/v, sp = v 2 /v, tp = sp/cp. 

The general structure implied by the MFV hypothesis 
for the renormalizablc Yukawa couplings X d i and X U i 
is a polynomial expansions in terms of the two (left- 
handed) spurions F U FJ an d y d YJ 0,[l|: 



ff-i 



= (boV + hVA + b^V + bsA) , (6) 
Cf = {b' V + b' x VA + b' 2 AV + b' 5 A) . (7) 



In analogy to the a%, also the bi and b i coefficients are 

flavour-blind, naturally of 0(1), and possibly complex. 

Another source of CP violation in the 2HDMt 



'MFV 



that is relevant for our analysis, arises from the Higgs 
potential [23T - [25| (see also |2g|). We recall that the 



most general 2HDM potential that is renormalizablc 
and gauge invariant is [271 ] 



X d \ 
X d2 

X u2 
X u \ 



= Y d 



e Y d + eiY d Y*Y d + e 2 Y u Y^Y d + 

+e 3 Y u Y^Y d YjY d + e±Y d YjY u YjY d 
y 

e' Q Y u + e x Y u Y^Y u + e' 2 Y d Y}Y u + ... 



(2) 



where the e\ are complex parameters. We work under 
the assumption e\' <C 1 , as expected by an approximate 
L^(1)pq symmetry that forbids non-vanishing X u \ and 
X d2 at the tree level. We also assume negligible vio- 
lations of the C/(1)pq symmetry in the lepton Yukawa 
couplings. 



V = /i?|ffi| 2 + v 2 2 \H 2 \ 2 + (bH x H 2 + h.c) + 



^Itfil 4 + ^|# 2 | 4 + A 3 |ffi| 2 |H 2 | 2 + A 4 |i7 1 F 2 | 



A_i 
2 
As 

2 



(iJi^) 2 + XelHifH^ + X 7 \H 2 \ 2 H 1 H 2 + h.c 



where H\H 2 = Hj (ia 2 )H 2 . All the parameters must 
be real with the exception of b and A5,6,7- Exploiting 
the freedom to change the relative phase between H\ 
and H 2 , we can cancel the phase of b and A6,7 relative 
to A5. Moreover, the coefficients Ag.7 can be set to zero 
imposing a discrete Z 2 symmetry that is only softly 
broken by the terms proportional to b and A5. 



In order to simplify the discussion, without loosing 
generality as far as the CP properties are concerned, we 
set A3 = A 4 = A 6 = A7 = and choose the basis where 
only A5 is complex. The resulting spectrum contains a 
charged Higgs, with the mass 



M 



H± 



b Re(A 5 ) 2 

— v 

cpsp 2 

and three neutral Higgses with masses 



(8) 



Ml 



M 



2(3) 



X 2 V 2 
b 



(Re(A 5 )T|A 5 | 



(9) 



where in Eqs. © we have assumed £g 3> 1. Notice the 
approximate degeneracy of the charged Higgs and the 
two neutrals of mass Mi and M3 in the limit A5 — > 0. 

In the absence of CP violation, the physical Higgs 
eigenstates are given by the two CP-even fields h, H 
and by the CP-odd field A. In the presence of CP vio- 
lation, h, H, A are mixed and the mass eigenstates are 
not anymore CP eigenstates. Still, it is convenient to 
write the Higgs potential in terms of the fields h, H, A. 
It turns out that 



V 



M 2 

£*■ + 

{Ah) Ah 



M 



M'i 



JL H 2 + ^±A 2 
2 2 

{AH)AH + .... 



MJj ± H + H~ 



where {Ah) and {AH) read 



{Ah) = — -c /3 ImA 5 

2 
{AH) = -— s^ImAs 



(10) 

(11) 
(12) 



Notice that in the large tp regime the mixing {Ah) is 
negligible, in contrast to {AH). Moreover, if {AH) <C 
M\ h , as it happens in the so-called decoupling regime, 
we can still treat the fields /i, H, A as approximate mass- 
cigenstates and the mixing {AH) can be parameterized 
as an effective mass insertion in the scalar propagator. 



3. ELECTRIC DIPOLE MOMENTS 

Among the various atomic and hadronic EDMs, the 
Thallium, neutron and Mercury EDMs represent the 
most sensitive probes of CP violating effects (sec ta- 
bic HI . The effective CP-odd Lagrangian describing the 
quark (C)EDMs, that is relevant for our analysis, reads 

-C eS = ^ i^/(F<r)7s/ + 53*^-/(^)76/ 

/ / 



£c>/'(//)(/W) ; 



(13) 



where F^ (G"„ ) is the electromagnetic (chromomag- 
netic) field strength, d? stands for the quark (C)EDMs 



H~ 



7, 9 



(l '; 



-o- 



t, 



t, 



d] 



FIG. 1: Charged-Higgs mediated diagrams contributing to 
the down-quark (C)EDMs. 



while Cff is the coefficient of the CP-odd four fcrmion 
interactions. 

The thallium EDM (d T i) can be estimated as [UQ 



dri ~ -585 • 4 - e (43GeV) C s 



(14) 



where d e is the electron EDM while Cs stems from the 
CP-odd four fcrmion interactions and reads I33IT 



C s 



C 



29MeV 



da ' 



c s 



k x 220 MeV 



Cb, 



m d m s 

66MeV(l-0.25fc) 



mi, 



(15) 



with k~ 0.5 ±0.25 [34|. 

The neutron EDM d n 
naive quark model as d n 



can be estimated from the 



id 



^here d? are 



evaluated at 1 GeV by means of QCD renormaliza- 
tion |38| , starting from the corresponding values at the 
electroweak scale. The alternative estimate we use in 
our numerical analysis is the one obtained from QCD 
sum rules [33J, I35l437| , which leads to 



(1±0.5) 1.4(d d -0.25d„) + l.le(^ + 0.5<) (16) 



and 



'Hg 



7 x 10~ 3 e « - d c d ) + 10~ 2 d e + 
e (3.5 x 10~ 3 GcV) C s + 



(1.4 x 10- 5 GcV 2 ) 



0.5 



Cdd 
m d 



3.3fc 



C 



sd 



(1-0.25/c) 



Cbd 
m b 



(17) 



for the Mercury EDM [33|, [37J . In these numerical for 



(c) 

mulae the d\ are evaluated at 1 GeV. In the following, 

(c) 

we provide the expressions for d\ and Cff at the elec- 
troweak scale in the context of a 2HDM, starting from 
the general formulae of Ref. [39|, |40( obtained in the 
context of Supcrsymmetry. 

The CP violating effects arising from CP-odd CP- 
even scalar mixing and their impact on the EDMs were 
studied previously in the contex t of 2H DMs with spon- 
taneous breaking of CP in refs. 

For Cff one has 



231-251 



C 



If 



rrif rrif Imw//' 



M\ 



/3 



(18) 



Observable 


Exp. Current 


Exp. Future 


\d T i\ [ecm] 


< 9.0 x 1(T 25 [28] 


« 1CT 29 [31] 


\d Hg \ [ecm] 


< 3.1 x 1(T 29 [29] 


? 


\dn\ [ecm] 


< 2.9 x 1(T 26 [30J 


« 1(T 28 [31J 



TABLE I: Current/expected experimental sensitivities for the most relevant EDMs. 



where we have defined 



Jmojff ~lm(Zf* f Zf, f 



-Jp~ Re ( Z H Z f'f 



(19) 
Notice that in Eq. (fT9|) we have assumed that Mfj ~ 
M| ^ (AH). The explicit expressions for the w//' 
relevant for our analysis are 



ImWed 

IniWeb 



Im w es = Im a H — , r0 Re a . 



Ml 



+^**. 



M 



ImuJdd = Imwd s = 



(AH) 
Ml 



Re (a 2 ) , 



Imcj d b = Im (cr*^) + i-_ I Re (crO 



(20) 
(21) 
(22) 
(23) 



A, H 



A, H 



£2* 



H, A 



(a) 



jQP 



(b) 



FIG. 2: Examples of Higgs-mediated four-fermion interac- 
tions with CP violation in the Higgs-fermion vertex (a) and 
on the Higgs propagator (b). 



that read 



v^ N cqfU cm q q mf m q 02 
^ 8ir 2 s 2 M 2 M 2H 



^W ly± W 



L A 



q=t,b 

x {f{T q )Imuj qf +g(T q )Imu)f q 



(27) 



where we have defined 

£ = a+(a a + a 1 +a 2 )\ 2 t , (24) 

<J = a+\V tq \ 2 X 2 a (q = d,s) . (25) 

Concerning the quark (C)EDMs, they are induced al- 
ready at the one-loop level by means of the exchange 
of the charged-Higgs boson and top quark [40| , as it is 
shown in Fig. [TJ 

In our scenario, their explicit expressions read 



(I,: 



a 2 rn d m t IT/ l2 , . 

a -T7T- Vtd F 7,s (x m ) x 

4tt m z w Mfj ± 



x lm[(b* + b* 2 )(b' + b' 2 )\ 



(26) 



where x t n — rn t /M^ I± and the expressions for the loop 
functions F7.8 are given in [401 ] . 

Notice that the above effects arc CKM suppressed 
by the factor \Vtd\ 2 ~ 10~ 4 . In particular, even 
in the most favourable case where m t = M H ± 
and lm[{bl+bl)% + b' 2 )] = 0(1), it turns out that 
\dd/e\ ps \d d \ = O(10 -27 ), leading to predictions for d n 
and dn g well under control (though observable with im- 
proved experimental resolutions). Therefore, since the 
bi's do not enter the predictions for B S) d mixings, we 
neglect the above one-loop effects to d n and dn g in our 
numerical analysis. 

As a result, two loop contributions might compete 
or even dominate over one loop-effects provided they 
overcome the strong CKM suppression. 

Indeed, this is the case for the two-loop Barr-Zee 
contributions [HI to the fermionic (C)EDMs (see Fig.© 



d< f = - 



E a s a om mj m q 0,2 
lfi7r 2 s 2 M 2 M 2 p X 
q =t,b s w m w m A 

x L/( T <?) Im Wq/ + g(r q ) Im«/,] 



(28) 



where qi is the electric charge of the fermion I, r q = 
m 2 jM\ and /(r), g(r) are the two-loop Barr-Zee func- 



tions defined in [241 . 1391 ] . In analogy to the down- type 
ujff in Eqs. (j2TJ)) - ([2"3")) , we have defined 



(AH) 



Imwet = 

Im Udt = Inr <7* 



Ml 



(AH) 
Ml 



Recr . 



(29) 
(30) 



To have an idea of where we stand, let us evaluate sep- 
arately the contributions to the physical EDMs arising 
from the fermionic (C)EDMs and from the four-fermion 
operator. 

Assuming the example where ttia = 500 GeV and 
tp = 10, the electron EDM contribution to dxi reads 

dTl{de) ~2xlO- 26 Im£ + 2xlO- 24 ^, (31) 



e cm 
while d d generates the following dfja 



Ml 



d ng( d d) 

e cm 



;4xlO- 29 Im(o-*£) 



10- 27 ^RcM32) 



The down quark (C)EDMs generate the following d 

dn(d d C) ) 



: 10 



- 27 Im (a*0 + 2x 10- 26 ^^Rea .(33) 

1 VI A 



-, L h 




FIG. 3: Example of Barr-Zee diagrams contributing to the 
fermion (C)EDM in a 2HDM from neutral Higges Hi. CP 
violation is assumed in the Higgs-fermion vertex and on the 
Higgs propagator as in Fig[2] 



Finally, let us consider d^\ as induced by the four- 
fcrmion effects via Cs 



e cm 



1CT 25 (1 + 7.6 k) 



{AH) n 
Im a =— Re a 

M 2 A 



2.3 xlO -25 



taf-<^W 



(34) 



and similarly dn g (Cs) ~ —10 4 xd T1 (Cg). 

4. AF = 2 AMPLITUDES 

The low-energy operators that are relevant for AB 
2 transitions are [4lf 



qX ll 

Qf LL 

Qi LL 

(ft* 

Q L , R 



{bLl^L){b L rqL) , (35) 

(b R qL)(b R qL) , (36) 

(b R <J^q L )(b R a^q L ), (37) 

(&£7^)(Wfe), (38) 

(b R q L )(b L q R ) , (39) 



where q = s,d and a^ = i [7^,7^]. In addition, the 
operators Qf RR , analogous to Qf \ L with the exchange 
qh — >• q R , are also present. 

Once the Wilson coefficients of these operators 
Ci{nH) are calculated at a high energy scale, where 
heavy degrees of freedom are integrated out, their val- 
ues at scales 0(jib) are obtained by the standard tech- 
niques J41] . The resulting low energy effective Hamilto- 
nian then reads 



H eS = J2c?(» B ,B)Qt, 



(40) 



where i = 1,2, and a = LR,SLL. The off-diagonal 
element in B meson mixing are given by 

Mf 2 = \M Bq F 2 Bq £ Cr(m,B q )P?(B q ) , (41) 
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FIG. 4: Upper: EDMs vs. S^<f>. Lower: B s ->• 
/i + /i~ vs. S^if,. Red dots fulfill the EDM constraints 
while the black ones do not. In both plots we have 
assumed (|5|, |ao|, |ai|, |oa|) < 2, As = 0, and < 

(<fe> <Pa , <f> ai , <j>a 2 ) < 27T. 



where P?(B q ) collect all RG effects from scales below 
j-iH as well as hadronic matrix elements obtained by 
lattice methods. Updating the results of Ref. [4l[, it 
turns out that P£ R (B q ) « 3.4 and P^ LL (B q ) « -1.4 
for hh = 246 GcV. 

Introducing the notation 

Mf 2 = (Mf 2 ) SM C Bq e 2 ^ , {q = d, s) , (42) 

the B s d mass differences and the CP asymmetries S^k s 
and S^tf, are 

AM, = 2\M? 2 \ = (AM,) SM C B , , (43) 

S^x a = sin(2/3 + 2^ Bd ) , (44) 
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FIG. 5: Correlation between S^^> and S^k s with CPV 
sources in the Yukawa couplings and Higgs potential 
switched on separately (upper plot) or simultaneously (lower 
plot). In all plots we have assumed (|o|, |ao|, |ai|, |a2 1) < 2. 
In the upper plot, the "CPV /^Yukawa" points are obtained 
for A5 = and < (0-, (f> ao , <j> ai , <t>a 2 ) < 27r, while the 
"CPV £Hi gg s" points are obtained for (<^, 4> ao ,<t>a 1 ,4>a 2 ) = 
0, | As | = 0.1 and < 0a 5 < 27r. In the lower plot 
< (fe,(t>a ,<t>a 1 ,(t>a 2 ) < 27T, A 5 1 = 0.1 and < <j>\ 5 < 2tt. 
Red dots fulfill the EDM constraints while the black ones 
do not. 



S. M = bux(2|/9,|-2^bJ 



(45) 



where sin^)*™ = 0.734 ± 0.038 |42j and sin(2/3 s ) = 
0.038 ± 0.003 (H. 

Moreover, we recall that the semileptonic asymme- 
try Ag L , in the presence of NP and neglecting f3 s , is 



FIG. 6: Correlation between A% r JA % T ,(SM) and S^^, where 
ylsL(SM) = (2.6 ± 0.5) x 10" 5 Q. In the plot we have 
assumed (|o|, \a \, |ai|, |aa|) < 2, < (<fe, <fr ao , <f> ai , cf> a2 ) < 
2tt, |A 5 | = 0.1 and < <f>x 5 < 2vr. Red dots fulfill the EDM 
constraints while the black ones do not. Green dots further 
satisfy the constraint from S^k s a t the 95% CL.. 



correlated model-independently with S^j, as [44 



.4 



SL 



Re 



r 



12 






SM 



Cr 



-s 



■00 



(46) 



(for an alternative model-independent formula, see [45j ) 
where |Re(rf 2 /Mf 2 ) SM | = (2.6 ± 1.0) x 10" 3 0. 

Assuming the a* in Eq. ^ as complex parameters 
and integrating out the neutral Higgs fields we have for 
the Wilson coefficients of the dominant operators 



Q 



SLL 



C 9 LR 



[VtbVtq? , . x 2 2 2 x- 

(oo + ai) y t y b T- , 



r^— (a + ai)(oS + a* 2 )y 2 t y b y q F+ , (47) 



where, in the decoupling regime (v 2 /m 2 A <C 1), and for 
large tan/3 values, 



T^ 



my 



r-*-* w (48) 



in agreement with [26j. As can be seen, the A-H 
mixing, related to the SU(2)l breaking in the heavy 
Higgs sector, removes the zero in T~ providing at the 
same time a possible source of CP violation indepen- 
dent from the ai. The mass splitting between A and 
H is constrained by the requirement of perturbative 
unitarity [46j-|48|, vacuum stability [49( and by preci- 
sion electroweak obscrvablcs (the oblique-corrections). 
However, a (10-15)% splitting for M A around 500 GeV 
fulfills all these constraints. 

A close inspection of Eq. (|4T|) reveals that: 



1. the contribution of C 2 R to B q mixing is propor- 
tional to mbrriq, hence, only B s mixing can be af- 
fected in a sizable way by Q 2 R (as in the scenario 
considered in [15|); 

2. the effect of Cf LL to B 8 and Bd mixings is the 
same, implying a common NP phase (ps d = <Pb 3 ] 
as a result, the limited room for NP allowed in 
S^jKs forbids large effects in S^ and A S SL coming 



from this operator lOj, |20j, [22 



3. C 2 R contributes to CP violation only if a,\ 7^ a 2 , 
which requires effective operators with high pow- 
ers of Yukawa insertions; these operators are natu- 
rally suppressed in explicit (perturbative) models, 



such as supersymmetric models [50j,l5l|. However, 
this suppression can be removed in a general non- 
supcrsymmctric 2HDM with MFV. 

4. Cy L is complex already at the leading order in 
the Yukawa insertions; however, it vanishes in the 
exact SU(2) limit. While in a generic 2HDM 
rather sizable SU(2) breaking effects (say at the 
10% level) are generally allowed, in supersym- 
metric models such effects arc loop-induced and 
therefore too small to provide any observable ef- 




fect [50J, 15111 
recently in 



This has also been reemphasized 



In order to understand which are the regions of 
the parameter space where S^ obtains sizable (non- 
standard) values, let us first focus on the effects from 
C 2 R , setting wia = 500 GeV and tp = 10. In this case 
it turns out that [15( 

S 4l4 , « 0.15 x Im [(00 + ai)(o$ + a*)} + (S^SM • (49) 

Similarly, the SM prediction for BR(_B g — \ /i + /i~) is 
modified according to |2j, |l5j 



Br(B q -> fj,+fi- 



\i + r r + \R\ 



jSM 



where 



R « K + «i) jk 



tp\ 2 /500GeV\ 



ioy \ m h J 



(50) 



(51) 



with Br(B d -> m + A«~)sm = (1.0 ± 0.1) x 10" 10 and 
Br(B s -)■ /i + M")sM = (3.2 ± 0.2) x 10~ 9 . There- 
fore, 5^,0 can be large, even for moderate values of 
tp and relatively heavy Higgs masses, provided or- 
der one NP phases and sizable PQ-symmetry breaking 
sources, i.e. if Im[(ao + ai)(ag + a 2)] ~ 1 are present. 
These conditions generally imply large NP effects for 
BK(B q —> n + [i~), as already observed in [15| and as 
clearly shown by Eqs. (f5U|) . ([BTjl . As we will show later, 
also for the EDMs of physical systems like the Thallium 
(Tl), Mercury (Hg) and the neutron EDMs large NP 
effects arc expected. In particular, in the 2HDM MFV , 
large non-standard values for S^ imply lower bounds 



for the above EDMs in the reach of the expected future 
experimental resolutions. 

As far as NP effects induced by Cf LL are concerned, 
we notice that it is easy to generate a large common 
phase ip Bd = (p Bg provided the mass splitting between 
A and H is around the 10% level (or above) . In this case 
the limits on NP effects in S^k s set t ne bound 5, 



ljl<j> 



< 



0.2 0, 0,112. As shown in Eq. gT]), Cf LL dominates 
over C-2 R if we allow only flavour-blind phases in the 
Higgs potential (ImAs 7^ 0) and we allow a sufficient 
SU(2)l breaking in the heavy Higgs sector. 

Finally, let us mention that there are also charged 
Higgs contributions to Mf 2 that are sensitive to new 
flavour blind CP sources. These effects have recently 
been analyzed in [52| , in the context of the 2HDM pro- 
posed in [53J . They arise from the one loop exchange of 
H + - H+ and H+ - W+ and lead to 



(Ci 



SLL\ 
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r 2 

" F 1 

4tt 2 b 



(CS + C^) 2 D (x tH ,x tH ,l) + 



2C L C R D (XtH,XtH,X W H) 



(52) 



where Dq is the standard four-point functions nor- 
malized to -Do(l,l,l) = —1/6. In the frame- 
work we are considering, with large/moderate tp and 
small/moderate £/(1)pq breaking, (Cf LL ) ff + is always 
very suppressed and does not provide visible effects in 
physical observables. However, this is not the case in 
the framework analyzed in Ref [52| , where the charged- 
Higgs contribution to B Sj d — -B«,d mixing can be sizable in 
specific regions of the parameter space (corresponding 
to large violations of the C/(1)pq symmetry). 



5. NUMERICAL ANALYSIS 

Having introduced the two sets of observables, 
namely EDMs and AF = 2 CPV asymmetries, we are 
ready to analyse their correlations in the 2HDM MFy . 
As outlined in the introduction, we analyse separately 
the cases of flavour-blind phases from i) the Yukawa 
interactions and ii) the Higgs potential. 

Starting with case i), in the upper plot of Fig. 0] we 
report the expectations for the EDMs of the Thallium 
dri (red dots), neutron d n (black dots), and Mercury 
d,H g (green dots) as a function of the phase in the B s 
mixing, described by the asymmetry S^. The plots 
have been obtained by means of the following scan: 
(|a|,|ao|,|ai|,|a 2 |) < 2, < (<fe, a „, </> ai , (f> a2 ) < 2?r, 
tan/3 < 60, A 5 = 0, Mu± < 1.5 TeV and setting the 



hadronic parameter k j34| entering the CP-odd four 
fermion coefficients of Eqs. (JT5J) . (|T7)) to its central value 
K = 0.5. Moreover, we have imposed the further condi- 
tion |o.2 1 < (|a|, |fflo|> l a i|)> since a 2 is generated only be- 
yond the leading order in the MFV expansion in terms 
of the spurions Y U Y^ and YjYj , in contrast to a, ao, a\. 
As can be seen, the current constraints from the 
EDMs still allow values of |£^,i| larger than 0.5, com- 



patible with the highest values of the B s mixing phase 
reported by the Tevatron experiments. Yet, sizable 
non standard values for S^ unambiguously imply lower 
bounds for the above EDMs within the reach of the ex- 
pected future experimental resolutions. Similarly, large 
values for S^ typically imply a BR(B S — > [i + [i~) de- 
parting from the SM prediction, as already observed 
in [15| and as clearly shown in the lower plot in Fig. [4] 

Moreover, it turns out that BR(_B<2 — » 
H + H~)/BR(B S -> /U + /z~) ~ \Vtd/V ts \ 2 , as expected 
by the model-independent analysis within the MFV 
framework of Ref . [9[ . 

From these plots we conclude that improvements of 
the experimental lower bounds for the Thallium, neu- 
tron and Mercury EDMs, as well as for BR(B s ,d — > 
/i + fi~), together with a more accurate measurement of 
StjKj,, would provide a powerful tool in the attempt to 
test or to falsify this NP model. 

In Fig. [SJ we show the predictions for S^,k s vs. 
Sjjjff, where the allowed ranges for NP effects in S^k s 
have been obtained combi ning the SM prediction 
sin(2/3)t rc c = 0.734 ± 0.038 Hlwith the experimen- 
tal result S™g s = 0.672 ±0.023J53. In the u PP er P lot > 
we switch on the CPV phases of the Yukawa couplings 
and the Higgs potential separately, to monitor their 
individual effect. In the former case, we employ the 
same scan as in Fig. SI while in the latter case we make 
the scan (|a|, \a \, |ai|, |a 2 |) < 2, (fe, <f> ao , 4> ai , O2 ) = 0, 
I A5 1 = 0.1 and < 4>\ s < 2tt. Viceversa, in the lower 
plot of Fig. O we consider an hybrid scenario, where 
CPV phases of both type i) and type ii) are switched 
on simultaneously. In both plots, red dots fulfill the 
EDM constraints while the black ones do not. 

The correlation of the EDMs vs. S^ in the case ii), 
where the flavour blind CPV phases originates only 
from the Higgs potential, does not show appreciable 
differences with respect to Fig. [4] However, since in 
this cases the the effects on B s d mixing are universal, 
here the larger values of S^ are not allowed by the 
constraints from Bd mixing. This is clearly illustrated 
in the upper plot of Fig. [5j 

Finally, Fig. [5] shows the correlation between 
A s SL /Ag L (SM) vs. S^ for the hybrid scenario, per- 
forming the same scan of Fig. \5\ Red dots fulfill the 
EDM constraints while the black ones do not. Green 
dots further satisfy the constraint from S^,k s a t the 
95% CL.. As can be seen, in this scenario sizable/large 
effects for Bd/B s mixings can be naturally accounted 
for, even though not necessarily in a correlated man- 
ner. According to the recent mo del- independent fit of 
the two mixing phases performed in [55j , this hybrid sce- 
nario is particularly welcome by present data. Indeed 
the best fit of current data is obtained for a <PB d /<PB s 
ratio which is in between the ips d ~ ( l md/m s )ipB s of the 
scenario i) and the ips d ~ ^Pb s of the scenario ii). 

Finally, as demonstrated in Fig. 3 of [15( for large val- 
ues of 5^,0 a unique positive shift in Ek is implied within 
the model considered, bringing the theory closer to the 



data. This agreement is further improved through the 
recently calculated NNLO QCD corrections to Ek [56j. 
In the hybrid scenario, a value for ek within 1 a of cur- 
rent data can be obtained even for values of S^ w 0.25. 



6. DISCUSSION AND CONCLUSIONS 

The remarkable agreement of flavour data with the 
SM predictions in the K and Bd systems highly con- 
strains the flavour structure of any TeV-scale UV com- 
pletion of the SM. In this respect the MFV hypothe- 
sis [2j, where flavour-changing phenomena are entirely 
controlled by the CKM matrix, represents one of the 
most natural and elegant explanations for such an im- 
pressive agreement. However, the MFV principle does 
not forbid in itself the presence of new flavour blind CP 
violating phases in addition to the unique phase of the 
CKM matrix [H El E3 . 

From a phenomenological point of view, it is natu- 
ral to expect that such flavour-blind phases, if present, 
will contribute not only to flavour-changing CPV pro- 
cesses, such as CP- violation in i? s ,d mixing, but also to 
flavour-conserving CPV processes such as the EDMs. 
Indeed the close connection within a MFV framework 
between CP violation in flavour physics and EDMs has 
already been analyzed in the context of supersymmetric 
extensions of the SM [50J, 15111 . and by means of a general 
effective theory approach |21| . 

In this Letter we have analyzed these connections 
within the 2HDM respecting the MFV hypothesis re- 
cently discussed in [15[. We have shown that the two 
classes of flavour-blind phases present in this model, 
those in the Yukawa couplings and those in the Higgs 
potential, provide potentially large CP violating effects 
in B s d mixing while being compatible with the EDM 
bounds of the neutron and heavy atoms. In both cases 
sizable CPV effects in B s mixing imply lower bounds for 
the above EDMs within the future experimental resolu- 
tions. Moreover, in both cases RR{B s d —> M + M~) arG 
typically largely enhanced over their SM expectations. 

What distinguishes the different flavour-blind CPV 
mechanisms is the correlation between S^Ks and, cor- 
respondingly, the maximal effect expected in S^. Very 
large values of S^a , are possible only via the mechanism 
pointed out in [15| . which requires flavour-blind phases 
in the Yukawa interactions and small SU(2)l breaking 
in the heavy Higgs sector (or the dominance of the ef- 
fective operator Q^ 11 )- On the contrary, flavour-blind 
phases only in the Higgs potential leads to universal 
effects in B s and Bd mixing, which are strongly con- 
strained by the measurement of S^,k s - Which of the 
two flavour-blind CPV mechanisms dominates depends 
on the precise values of S^ and S^Ks? as we U as on 
the CKM phase (as determined by tree-level processes) . 
Current data seems to show a mild preference for an hy- 
brid scenario where both these mechanisms arc at work. 



Acknowledgments 



We thank M. Nagai for valuable discussions and for 
his critical reading of the manuscript. This research 
was partially supported by the Cluster of Excellence 
'Origin and Structure of the Universe', by the Ger- 
man 'Bundesministerium fur Bildung und Forschung' 
under contract 05H09WOE, and by the EU Marie Curie 
Research Training Network contracts MTRN-CT-2006- 
035482 (Flavianet). 



f2 
[3; 
[4 

[5] 

f6] 
[' 

[8] 
[9] 

[10 

[11 
[12 
[13 

[14 
[15 

[16 
[17 
[18 
[19 

[20 

[21 
[22 

[23] 



G. Isidori, Y. Nir and G. Perez, larXiv: 1002.0900 [hep- 
ph]; A. J. Buras , PoS E PS-HEP2009 (2009) 024 
|arXiv:0910.1032l [hep-ph]] . 
G. D'Ambrosio, G F. Giudice, G 
A. Strumia, Nucl. Phys. B 645 



arXiv:hep-ph/0207036 



Isidori 
(2002) 



and 
155 



R. S. Chivukula and H. Georgi, Phys. Lett. B 188 
(1987) 99; L. J. Hall and L. Randall, Phys. Rev. Lett. 
65 (1990) 2939. 

A. J. Buras, P. Gambino, M. Gorbahn, S. Jager 
and L. Silvestrini, Ph ys. Lett. B 500 (2001) 161 
|arXiv:hep-p'n70 007085 . 

G Isidori and A. Re tico, JHEP 0111 (2001) 001 
|arXiv:hep-ph/0110121] . 

A Ped es and A. Pilaftsis, Ph ys. Rev. D 67 (2003) 
015012 [arXiv:hep-ph/0209306] . 

A. J. Buras, P. H. Chankowski, J. Rosiek and 
L. Slawianowska, Nu cl. Phys. B 659 (2003) 3 
|arXiv:hep-ph/0210145j . 

G. I sidori and P. Paradisi, Phys. Lett. B 639 (2006) 
499 arXiv:hep-ph/0605012 . 

T. Hurth, G. Isidori, J. F. Kamenik and F. Mescia, 
Nucl. Phys. B 808 (2009) 326 |arXiv:0807.5039l [hep- 
ph]]. 

A. L. Kagan, G Perez, T. Volansky and J. Zupan, Phys. 
Rev. D 80 (2009) 076002 |arXiv:0903.1794l [hep-ph]] . 
G Colangelo, E. Nikolidakis and C. Smith, Eur. Phys. 
J. C 59 (2009) 75 |arXiv:0807.080T1 [hep-ph]]. 
L. Mercolli and C . Smith, Nucl. Phys. B 817 (2009) 1 
|arXiv:0902.1949l [hep-ph]] . 

P. P aradisi and P. M. Straub, Phys. Lett. B 684 (2010) 
147 larXiv:0906.4551 1 [hep-ph]]. 

J. R. Ellis, J. S. Lee and A . Pilaftsis, Phys. Rev. P 76 
(2007) 115011 arXiv:0708.2079l [hep-ph]] . 
A. J. Buras, M. V. Carlucci, S. Gori and G. Isidori, 
arXiv:1005.5310 [hep-ph]. 

T. Aaltonen et al. [CDF Collaboration], Phys. Rev. 
Lett. 100 (2008) 161802 [arXiv:0712.239 7 [hep-ex]]. 
V. M. Abazov et al. [P0 Collaboration], 
larXiv:1005.2757l 

V. M. Abazov et al. [P0 Collaboration], Phys. Rev. 
Lett. 101 (2008) 241801 |arXiv:0802. 22551 [hep-ex]]. 
E. Lunghi and A . Soni, Phys. Lett. B 666 (2008) 162 
larXiv:0803.4"340l [hep-ph]] . 

A. J. Buras and P. Guadagnoli, Phys. Rev. P 78, 
033005 (2008) [arXiv:0805.3"887l [hep-ph]] . 

B. Batell and M. Pospelov. larXiv:10 06.2127 [he p-ph], 
K. Blum, Y. Hochberg and Y. Nir, larXiv: 1007.18721 
[hep-ph]. 

S. Weinberg, Phys. Rev. Lett. 63 (1989) 2333; Phys. 



Rev. P 42 (1990) 860. 

[24] S. M. Barr and A. Zee, Phys. Rev. Lett. 65 (1990) 21 
[Erratum-ibid. 65 (1990) 2920]. 

[25] S. M. Barr, Phys. Rev. Lett. 68, 1822 (1992); Phys. 
Rev. P 47, 2025 (1993). 

[26] M. Gorbahn, S . Jager, U. Nierste and S. Trine, 
larXiv:0901. 20651 [hep-ph]. 

[27] J. F. Gunion, H. E. Haber, G L. Kane and S. Paw- 
son, "The Higgs Hunter's Guide" (Addison- Wesley, 
New York, 1990). For recent discussions see also, 
J. F. Gu nion and H. E. Haber, P hys. Rev. P 67 (2003) 
075019 [arXiv:hep-ph/0207010| ; S. Pavidson and 
H. E. Haber, Phys. Rev. P 72 (2005) 035004 [Erratum - 
ibid. P 72 (2005) 099902] [arXiv:hep-ph/0504050] ; 
I. F. Ginzburg and I. P. Ivanov, Phys. Rev. P 72 

(2005) 115010 [arXiv:hep-ph70 508020 ; I. F. Ginzburg 
and M. Krawczyk, Ph ys. Rev. P 72 (2005) 115013 

arXiv:hep-ph/0408011 . 

[28] B. C. Regan, E. P. Commins, C. J. Schmidt and P. Pe- 
Mille, Phys. Rev. Lett. 88 (2002) 071805. 

[29] W. C. Griffith, M. P. Swallows, T. H. Loftus, M. V. Ro- 
mans, B. R. Heckel and E. N. Fortson, Phys. Rev. Lett. 
102 (2009) 101601. 

[30] C. A. Baker et al, Phys. Rev. Lett. 97 (2006) 131801. 

[31] M. Pospelov and A. Ritz, Annals Phys. 318 (2005) 119. 

[32] LB. Khriplovich and S.K. Lamoreaux, CP Violation 
Without Strangeness (Springer, New York, 1997). 

[33] P. A. Pemir, O. Lebedev, K. A. Olive, M. Pospelov and 
A. Ritz, Nucl. Phys. B 680 (2004) 339. 

[34] H.-Y. Cheng, Phys. Lett. B219, 347 (1989); J. Gasser, 
H. Leutwyler, and M. E. Sainio, Phys. Lett. B253, 252 
(1991); H. Leutwyler, [arXiv:hep-ph /9609465 ; B. Bora- 
soy and U. G Meissner, Annals Phys. 254, 192 (1997); 
M. Knecht, PiN Newslett. 15, 108 (1999). 

[35] M. Pospelov and A. Ritz, Phys. Rev. Lett. 83 (1999) 
2526; Nucl. Phys. B 573 (2000) 177; Phys. Rev. P 63 
(2001) 073015. 

[36] P. A. Pemir, M. Pospelov and A. Ritz, Phys. Rev. P 
67 (2003) 015007. 

[37] K. A. Olive, M. Pospelov, A. Ritz and Y. Santoso, Phys. 
Rev. P 72 (2005) 075001. 

[38] G Pegrassi, E. Franco, S. Marchetti and L. Silvestrini, 
JHEP 0511 (2005) 044 [arXiv:hep-ph/0510137| . 

[39] J. R . Ellis, J. S. Lee an d A. Pilaftsis, JHEP 0810 (2008) 
049 |arXiv:0808.1819l [hep-ph]]. 

[40] J. Hisano, M. Nagai and P. Paradisi , Phys. Lett. B 642 

(2006) 510 [arXiv:hep-ph7uo 06322 ; Phys. Rev. P 78 
(2008) 075019 |arXiv:0712.1285T[hep- ph]] ; Phys. Rev. 
P 80 (2009) 095014 [arXiv:0812.4283l [hep-ph]] . 

[41] A. J. Buras , S. Jager and J. Urban , Nucl. Phys. B 605 
(2001) 600 [arXiv:hep-ph/0102316| . 

[42] M. Bona e t al. [UTfit Col laboration], JHEP 0803 
(2008) 049 |arXiv:0 707.0636 [hep-ph]]. Updates avail- 
able on http://www.utfit.org 

[43] M. Ciuchini, E. Franco, V. Lubicz, F. Mes- 
cia and C. Tarantin o, JHEP 0308 (2003) 031 
arXiv:hep-ph/0308029] ; M. Blanke, A. J. Buras, 



A. Poschenrieder, C. Tarantino, S. Uhlig and A. Weiler, 

JHEP 0612 (2006) 003 arXiv:hep-ph/0605214 . 
[44] Z. Ligeti, M. Pap ucci and G Perez, Phy s. Rev. Lett. 

97 (2006) 101801 [arXiv:hep -ph/0604112]. 
[45] Y. Grossman, Y. Nir and G. Perez, Phys. Rev. Lett. 

103 (2009) 071602 |arXiv:0904.0"305l [hep-ph]]. 
[46] B. W. Lee, C. Quigg and H. B. Thacker, Phys. Rev. 

Lett. 38 (1977) 883. 
[47] S. Kanemura, T. Kubota and E. Takasugi, Phys. Lett. 



10 



B 313 (1993) 155 [arXiv:hep-ph/9303263| . [51] 

[48] H. Huffel and G. Pocsik, Z. Phys. C 8 (1981) 13; 
J. Maalampi, J. Sirkka and I. Vilja, Phys. Lett. B 265 
(1991) 371; A. G. Akeroyd, A. Arhrib and E. M. Naimi, [52] 
Phys. Lett. B 490 (2000) 119 [arXiv:hep -ph/0006035 ; 
I. F. Ginzburg and I. P. Ivanov, TarXiv:hep-ph/0312374| [53] 
[49] N. G. Deshpande and E. Ma, Phys. Rev. D 18 

(1978) 2574; S. Nie and M. Sher Phys. Lett. B [54] 
449 (1999) 89 [arXiv:hep-ph/9811234j ; S. Kanemura, 
T. Kasai and Y. Okada , Phys. Lett. B 471 (1999) 182 [55] 
|arXiv:hep-ph7 9903289 . 
[50] W. Altmannshofer, A. J. Buras and P. Paradisi, Phys. [56] 
Lett. B 669 (2008) 239 |arXiv:0808.0707l [hep-ph]]. 



W. Altmannshofer, A. J. Buras, S. Gori, P. Para- 
disi and D. M. S traub, Nucl. Phys. B 830 (2010) 17 

|arXiv:0909. 13331 [hep-ph] ] . 

M. Jung, A. Pich, and P. Tuzon, larXiv: 1006.04701 [hep- 

ph]; 

A. Pich and P. T uzon, Phys. Rev. D 80 (2009) 091702 

|arXiv:0908. 15541 [hep-ph]] ; 

E. Barberio et al. [Heavy Flavor Averaging Group], 

laiXiv:0808.l"297l [hep-ex] . 

Z. Ligeti, M. Papucci, G. Perez and J. Zupan, 

larXiv: 1006.04321 [hep-ph]. 

J. Brod and M. Gorbahn. larXiv:1007.0684l [hep-ph] . 



